1. Introduction {#sec0005}
===============

The U.S. swine industry is the third largest producer of pork in the world, and respiratory disease in pigs is the most important health concern for swine producers today ([@bib0165]). According to the recent survey conducted by the National Animal Health Monitoring System (NAHMS), respiratory disease is on the rise and is the greatest cause of mortality in nursery and grower/finisher swine, making the development of efficacious vaccines and therapeutic interventions that can protect against these infections a top research priority ([@bib0165]). *Bordetella bronchiseptica* colonization is pervasive in swine herds and is an important contributor to respiratory disease in pigs. It is a primary cause of bronchopneumonia in young pigs, while it additionally contributes to secondary pneumonia in older pigs. It is also the primary etiologic agent of nonprogressive atrophic rhinitis, a mild to moderately severe reversible condition that promotes colonization by toxigenic strains of *Pasteurella multocida* and can lead to severe progressive atrophic rhinitis ([@bib0020]). In swine exhibiting pneumonia, *B. bronchiseptica* is often isolated in combination with other pathogens ([@bib0020]). Previous studies have demonstrated that co-infection with *B. bronchiseptica* increases colonization and exacerbates the severity of disease caused by both viral and bacterial pathogens, including swine influenza virus (SIV), porcine reproductive and respiratory syndrome virus (PRRSV), porcine respiratory coronavirus (PRCV), *Haemophilus parasuis, P. multocida* and *Streptococcus suis*([@bib0020]).

Various typing methods have been applied to *B. bronchiseptica* in an effort to elucidate the population structure of the bacterium. One of the approaches found to be highly discriminatory is multilocus sequence typing (MLST) based on comparison of DNA sequences from seven housekeeping genes ([@bib0055]). The virulent *B. bronchiseptica* strain KM22 was originally isolated in Hungary in 1993 from a swine herd with atrophic rhinitis. Similar to the majority of *B. bronchiseptica* strains isolated from pigs exhibiting disease, KM22 is sequence type (ST) 7 in Clonal Complex 1 of an MLST-based *Bordetella* phylogeny ([@bib0055]), and it harbors a *Pvu*II ribotype ([@bib0140]). Additionally, KM22 contains a pertactin repeat region variant ([@bib0130]) that is shared with the majority of strains isolated from swine. KM22 has been successfully used by our laboratory to develop a reproducible swine respiratory disease model reflective of clinical *B. bronchiseptica* infections within swine herds and host-to-host transmission ([@bib0015], [@bib0095], [@bib0100], [@bib0110]).

The complete genome sequence of the laboratory reference *B. bronchiseptica* strain RB50 was first made available in 2003 by Parkhill et al. ([@bib0120]). Recently Park et al. published the genome sequence of five *B. bronchiseptica* strains isolated from both human and non-human hosts (strains 253, 1289, MO149, Bbr77, and D445) ([@bib0115]) and our laboratory reported the genome sequence of KM22 ([@bib0105]). The goal of this study was to compare the genome sequence of KM22 to the complete genome sequence of the laboratory reference strain RB50 to identify genetic features unique to KM22. To gain a broader perspective of the genetic relationship of KM22 among other *B. bronchiseptica* strains, genetic sequences from KM22 were subsequently compared to five other *B. bronchiseptica* strains.

2. Materials and methods {#sec0010}
========================

2.1. Genome sequencing and annotation {#sec0015}
-------------------------------------

A detailed list of the genome sequence information for the *B. bronchiseptica* isolates used in this study is provided in [Table 1](#tbl0005){ref-type="table"} . This table includes the NCBI genome accession number and the reference for the original genome publication.Table 1Summary of sequenced *B. bronchiseptica* strain information.StrainKM22RB501289253MO149Bbr77D445Sequence\
type (ST)7123227151817HostPigRabbitMonkeyDogHumanHumanHumanSize (bp)5,199,7295,339,1795,208,5225,264,3835,091,8175,115,7175,243,194G + C content (%)68.2%68.5%68.7%68.6%68.9%68.5%68.2%Predicted CDSs4,8435,0094,7854,8454,6694,6674,775rRNA operons3333333tRNA54555454545454Accession\
numberJNHR00000000[NC_002927](ncbi-n:NC_002927){#intr0010}HE983626[NC_019382](ncbi-n:NC_019382){#intr0015}HE965807HE983628HE983627ReferenceThis study[@bib0120][@bib0115][@bib0115][@bib0115][@bib0115][@bib0115]

Assembly and annotation of the KM22 genome sequence data identified a total of 4853 predicted protein coding sequences (CDSs) ([@bib0105]). Upon further investigation, seven CDSs were identified as likely representing a CDS split across two contiguous sequences (contigs) such that the 5′ end of one gene is located at the end of one contig and the 3′ end of the same gene is located at the start of the following contig, with some portion of the middle gene sequence missing, preventing joining of the contigs. PCR primers were designed for each end of the fourteen contigs, and amplification confirmed that each predicated pair was indeed one contiguous region. Additionally, 3CDSs were identified that have sequence homology at the nucleotide and translated protein level with a single large CDS present in RB50 (BB1186) that is homologous to KM22_01212. The three CDSs in KM22 (KM22_04905, KM22_04906 and KM22_04907) each comprise small contigs and align to highly repetitive regions of the RB50 sequence that are missing in the homologous KM22CDS (KM22_01212). Therefore, we believe these three annotated CDSs in KM22 actually comprise various portions of a single gene (KM22_01212) that was not correctly assembled due to the highly repetitive nature of the DNA sequence. As a result, our revised assembly and annotation of the KM22 genome sequence resulted in 4843 unique protein coding sequences in 46 contigs ranging from 679,114 bp to 686 bp, with a total length of 5119,729 bp.

2.2. Comparative genomic analysis {#sec0020}
---------------------------------

The KM22 genome sequence was analyzed using the RAST server, which mapped annotated protein coding sequences (CDS) to functional subsystems and performed a one-to-one BLASTP comparison to the genome sequence of RB50 ([@bib0120]) (Accession \# [NC_002927.3](ncbi-n:NC_002927.3){#intr0020}) to identify conserved protein coding sequences. Genome organization was examined by comparison to strain RB50 using the Artemis Comparison Tool ([@bib0035]) and progressiveMauve ([@bib0050]).

2.3. Comparison of individual genes {#sec0025}
-----------------------------------

Genome sequences from six *B. bronchiseptica* isolates were available at the outset of our study, as listed in [Table 1](#tbl0005){ref-type="table"}. The nucleotide sequences of selected genes were compared with BLASTN. Percent identity relative to RB50 was determined and used to generate a comparative heatmap using MeV software. Alignments of individual gene and protein sequences, as well as calculation of percent identities, were performed using the Geneious Alignment tool in Geneious Pro 5.0.4.

2.4. Phylogenetic analyses {#sec0030}
--------------------------

A concatenated alignment composed of SNP sites in 31 BvgAS-associated genes, as well as a concatenated alignment of SNP sites from the 7 house-keeping genes (MLST), was generated for each isolate. Maximum-likelihood phylogenetic trees were constructed from the SNP alignment using RAxML v7.0.4 ([@bib0150]) using a general time reversible substitution model with gamma correction (GTRGAMMA) for among-site rate variation. Support for nodes on the tree was assessed using 100 bootstrap replicates.

2.5. qPCR analysis of fimbrial subunit gene expression {#sec0035}
------------------------------------------------------

Four independent cultures (biological replicates) of *B. bronchiseptica* strain KM22 and its phase-locked derivatives TN30 (Bvg^−^) ([@bib0110]) and TN31 (Bvg^i^) ([@bib0110]) were grown in SS broth at 37 °C with shaking until mid-log phase (OD~600~ 0.7--0.8). Bacteria were harvested by centrifugation and total RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA), treated with DNaseI (Life Technologies, Carlsbad, CA) and purified using RNA Clean & Concentrator-5 columns (Zymo Research, Irvine, CA). DNase-treated RNA from each biological replicate (500 ng) was reverse transcribed using SuperScript III reverse transcriptase (Life Technologies, Carlsbad, CA) and 100 ng of random primer oligonucleotides according to the manufacturer's protocol. The cDNA was diluted 1:250 in water and 5 μl of the dilution was used for qPCR in reactions containing 500 nM each primer and 250 nM probe using the TaqMan Gene Expression Master Mix (Life Technologies, Carlsbad, CA). qPCR was performed on an Applied Biosystems 7300 Real Time PCR System (Applied Biosystems, Foster City, CA). Reactions lacking reverse transcriptase enzyme were performed to test for genomic DNA contamination. Primers were designed using the PrimerQuest web tool from IDT (Coralville, IA). Probes were designed as double-quenched, labelled with 5′- FAM (6-carboxyfluorescein) and the internal IDT ZEN and 3′ Iowa Black (IBFQ) Quenchers. All primers and probes used in this study are listed in Supplemental Table 1. Relative expression of the fimbrial gene mRNAs was determined using the 2^−ΔΔCt^ method using the 16S rRNA gene as the endogenous control ([@bib0080]).

3. Results and discussion {#sec0040}
=========================

*B. bronchiseptica* isolate KM22 was originally isolated from a pig, and this isolate, along with KM22-derived mutants, have been used in many infection studies in its natural swine host to characterize the associated disease phenotypes. The phenotypes of some KM22-derived mutants used in these studies did not always concur with reciprocal studies using the well characterized rabbit RB50 isolate, along with RB50-derived mutants, in rodent infection models ([@bib0095], [@bib0110]). To determine genomic differences that could account for such virulence-associated phenotypic differences, we compared the genomes from KM22 and RB50, as well genomes from five additional *B. bronchiseptica* strains (1289 isolated from a monkey, 253 from a dog, and MO149, Bbr77, and D445 from humans).

3.1. Phylogenetic analysis based on MLST target sequences {#sec0045}
---------------------------------------------------------

The phylogenetic relationship among the *B. bronchiseptica* strains used in this study was estimated based on a Maximum-likelihood tree derived from concatenated MLST target sequences for each strain (Supplemental Fig. 1). There are two distinct sub lineages, one including strains isolated from human hosts (MO149, D445, and Bbr77) and the other including isolates from non-human animal hosts (KM22, RB50, 1289, and 253). Strain 253, isolated from a dog, is highly polymorphict compared to the other non-human animal hosts.

3.2. Annotation of the KM22 genome sequence {#sec0050}
-------------------------------------------

Initially, assembly and annotation of the KM22 genome sequence data identified a total of 4853 predicted protein coding sequences (CDSs). Seven CDSs were identified as likely representing a CDS split across two contiguous sequences (contigs) and PCR amplification was used to subsequently confirm that each of CDS was indeed one contiguous region. Additionally, three annotated CDSs in KM22 actually comprise various portions of a single gene (KM22_01212) that was not correctly assembled due to the highly repetitive nature of the DNA sequence. Our revised assembly and annotation of the KM22 genome sequence resulted in 4843 unique protein coding sequences and shares many similarities with other *B. bronchiseptica* strains evaluated in this study, including size (bp) and predicted CDSs ([Table 1](#tbl0005){ref-type="table"}).

3.3. Comparison of the genome sequences of *B. bronchiseptica* strains RB50 and KM22 {#sec0055}
------------------------------------------------------------------------------------

We compared the KM22 genome sequence to the genome sequence of the laboratory reference strain RB50, given that it was the first complete *B. bronchiseptica* genome sequence available and the most widely studied *B. bronchiseptica* strain. A one-to-one BLASTP comparison of the protein coding sequences in KM22 and RB50 was performed to identify shared CDS regions. Of the 4843 predicted protein coding sequences identified in KM22, 4674 were identified as shared with RB50. The remaining 169 predicted protein coding sequences from KM22, which lacked a reciprocal match in RB50, were designated KM22-specific coding sequences (Table 2 in the Supplement). KM22-specific coding sequences include tracheal colonization factor (*tcfA*), serum resistance protein (*brkA*), several autotransporters including *bapC*, adhesion (KM22_00109), pilus assembly protein (KM22_04913), fimbrial subunit gene (KM22_03370), genes encoding the alternative or O2-antigen, and seven transcriptional regulators. This list includes genes that are predicted to be expressed as full-length functional proteins in KM22 and therefore contains coding sequences annotated as a pseudogene in RB50, such as *tcfA* and *brkA*. Of the 4994 total protein coding sequences in RB50, 320 were identified as RB50-specific, many of which are phage-related and located in discrete blocks. RB50 was previously shown to have a number of phage-related genes that are not conserved among other *Bordetella* strains ([@bib0120]).

Comparison of the linear organization of the genomes of *B. bronchiseptica* strains RB50 and KM22 revealed a high degree of synteny within contiguously assembled regions of the genome ([Fig. 1](#fig0005){ref-type="fig"} ). Four potential regions of rearrangement were identified. In three of these regions, the rearrangement is supported by genome sequence assembly data from both strains, such that the position at which the organization changes in KM22 relative to RB50 occurs within a single contig on at least one edge of the region ([Fig. 1](#fig0005){ref-type="fig"}). The fourth rearrangement identified occurs at contig boundaries such that it is not possible to determine if a true genome rearrangement has occurred at that site or if the contig ordering is incorrect ([Fig. 1](#fig0005){ref-type="fig"}). Genome rearrangements can have profound phenotypic effects on bacterial niche adaptation by impacting gene expression or loss of gene function resulting from genes located near rearrangement breakpoints being placed under control of new transcriptional regulatory elements ([@bib0160]). Genome rearrangements have been previously identified in other *Bordetella* isolates, including *B. bronchiseptica* strains ([@bib0010], [@bib0115], [@bib0120]). A comparison of the linear organization of the genomes of all seven *B. bronchiseptica* strains evaluated in this study is provided in Supplemental Fig. 2.Fig. 1Comparison of the linear organization of the genomes of *B. bronchiseptica* strains RB50 and KM22. progressiveMauve was used to compare KM22 to RB50 ([NC_002927.3](ncbi-n:NC_002927.3){#intr0005}). Locally collinear blocks (LCBs) representing regions of sequence that align in each genome are illustrated as colored rectangles connected by lines. For the KM22 sequence, blocks above the center line are in the same orientation as RB50, blocks below the center line align in the inverse orientation. White areas reflect regions that are not conserved. Symbols are used to mark LCBs whose rearrangement in KM22 relative to RB50 occurs within a single contig, likely reflecting a true rearrangement.

3.4. Comparison of bvgAS amongst sequenced *B. bronchiseptica* strains {#sec0060}
----------------------------------------------------------------------

The *bvgAS* locus encodes a two-component sensory transduction system that controls the expression of the majority of genes encoding virulence factors and is a universal regulatory mechanism shared among *Bordetella* strains ([@bib0040]). This locus comprises a histidine kinase sensor protein, BvgS, and a DNA-binding response-regulator protein, BvgA.

The nucleotide sequences of *bvgS* from strains KM22, 1289 and 253 are 100% identical. Nucleotide substitutions were observed in *bvgS* from strain RB50 compared to *bvgS* from strains KM22, 1289 and 253 and are predicted to result in only 4 amino acid replacements in the 1238 amino acid protein. These amino acid changes in RB50 relative to KM22, 1289 and 253 are: T50A in the periplasmic region, between the signal peptide and Periplasmic Substrate Binding domain 1 or VFT1; L395M in the central region of PBPb 2; A651S in the central region of the PAS intracellular domain; and V1144L in the histidine phosphotransferase domain (HPT). It is unclear whether these amino acid differences could affect the activity of BvgS given that none are located within regions previously studied by mutation ([@bib0060], [@bib0065]). Similar to the results reported by Herrou et al., numerous nucleotide substitutions were observed in *bvgS* from strains isolated from human hosts (MO149, D445, and Bbr77) compared to *bvgS* from strain RB50 further supporting the conclusion that BvgS has evolved into two different types: a "pertussis-type" found in *Bordetella pertussis* strains and in a lineage of *B. bronchiseptica* strains isolated from humans, and a "bronchiseptica-type" associated with the majority of *B. bronchiseptica* strains ([@bib0070]).

We found the response regulator BvgA to be more highly conserved among the strains analyzed, which is also similar to the findings of Herrou et al. ([@bib0070]). The nucleotide sequences of *bvgA* from strains KM22, 1289 and 253 are 100% identical. A single synonymous substitution was observed in *bvgA* from strain RB50 compared to *bvgA* from strains KM22, 1289 and 253. A varying small number of single nucleotide substitutions (SNPs) were observed in *bvgA* from strains Bbr77, D445, and MO149 compared to *bvgA* from strain RB50. Specifically, six SNPs were identified in *bvgA* from strain Bbr77, five from strain D445, and seven from strain D445. These SNPs are predicted to result in only 2 amino acid replacements in the BvgA protein and are shared by strains Bbr77, D445, and MO149. One amino acid change is M1T and the second is L12S. It is worth noting that the M1T amino acid change is due to the presence of an ACG (Thr) at the 5′ prime end of the *bvgA* nucleotide sequence from strains Bbr77, D445, and MO149, instead of the ATG (Met) present at the same location in RB50, KM22, 1289, and 253. All seven strains analyzed have a second ATG located downstream at position 55 that is in frame (Met19) and could be used as the start site of translation.

3.5. Comparison of Bvg-regulated genes amongst sequenced *B. bronchiseptica* strains {#sec0065}
------------------------------------------------------------------------------------

The BvgAS regulon defines regions of the genome of importance to host-pathogen interactions ([@bib0040]); therefore to examine genomic differences that may influence how *B. bronchiseptica* strains interact with their host and environment, we compared the nucleotide sequences of 31 genes encoding BvgAS-regulated factors, such as adhesins, toxins, and other known virulence factors, as well as the flagellin structural gene *flaA*. The percent identity for each of the BvgAS-regulated genes was determined for each isolate relative to RB50 ([Fig. 2](#fig0010){ref-type="fig"} ). Compared to RB50, the average percent identity of all the BvgAS-regulated genes examined was higher in the strains isolated from animal hosts (1289, KM22, and 253) than from strains isolated from human hosts (MO149, D445, and Bbr77), with strain D445 containing the lowest average percent identity of 94.9% consistent with its distance from RB50 in the phylogentic reconstruction from the MLST data (Supplemental Fig. 1). Focusing on specific genes present in all strains, the genes with the highest average percent identity across all strains are *bopN* (99.5% ± 0.39), (99.4% ± 0.30), *bvgA* (99.4% ± 0.41), and *fimC* (99.1% ± 0.40). In contrast, genes present in all strains with the highest sequence divergence are *fimN* (89.8% ± 1.1), *fim2* (93.1% ± 6.6), *fhaL*(94.6% ± 4.0), and *fhaS* (94.9% ± 3.3). *flaA* is present in all strains and contains an average percent identity of 96.4%±4.8, with *flaA* from strains KM22 and 1289 both having a lower percent identity of 89.1%.Fig. 2Sequence conservation of Bvg-regulated genes. The nucleotide sequences of selected genes from *B. bronchiseptica* strains 1289, KM22, 253, Bbr77, D445 and MO149 were compared to genes from RB50 using BLASTN. The percent identity of the genes (rows) from each strain (columns) is represented using the color scale at top, while genes not present within a strain are indicated by white.

Among the BvgAS-regulated genes, including genes not present in all strains, *bipA* from strain D445 is the most divergent with an identity of 71.4% and is not present in strains 253, Bbr77, and MO149. Seven SNPs were observed in *bipA* from strain KM22 compared to RB50 and are predicted to result in 4 amino acid replacements: S322G, V813A, E912G, and S1131P. These findings are similar to the results reported in a recent study evaluating virulence gene polymorphisms among *B. bronchiseptica* seal isolates, in which *bipA* was found to have the greatest sequence divergence of the genes examined ([@bib0135]).

*dnt*, encoding the dermonecrotic toxin (DNT), is not present in strains D445 and Bbr77 and contains a lower percent identity in strain MO149 (93.0%) compared to strains isolated from animal hosts (1289, KM22, and 253) (99.6--99.8%).

The *ptx* locus is present in KM22 with an average identity of 97.3% ± 0.01 compared to RB50. Consistent with that previously reported ([@bib0115]), the *ptx* locus was absent in strains Bbr77 and MO149 isolated from human hosts. Additionally, strain D445 contains a high sequence divergence in the *ptx* locus compared to RB50, with *ptxD* containing the most sequence divergence with an identity of 88.2% compared to *ptxD* from RB50.

As previously reported, the *cya* operon encodes genes responsible for the production and secretion of adenylate cyclase toxin (ACT) and is not present in strain 253 ([Fig. 2](#fig0010){ref-type="fig"}) ([@bib0030], [@bib0115]). The start codon for the *cyaB* gene in the KM22 annotation is ATG, which is identical to the start codon for the *cyaB* gene in the *B. pertussis* Tohama I annotation ([@bib0120]). In contrast, the predicted start codon for the *cyaB* gene in the RB50 annotation is GTG and is located slightly upstream of the predicted ATG start codon for KM22. This ATG codon is present in all the *B. bronchiseptica* strains, but is not annotated as the start codon. Instead, similar to the RB50 annotation, GTG is located slightly upstream of this ATG and is predicted to be the start codon for the other *B. bronchiseptica* strains. When this GTG is used as the start codon, it does not encode a full length protein sequence due to a resulting frameshift mutation. This GTG codon only encodes a full length protein sequence in RB50. However, if the conserved ATG is used as the start codon, then a full length protein sequence is capable of being produced by all the *B. bronchiseptica* strains. Therefore it is possible that the predicted ATG start codon for KM22 is the start codon for the *cyaB* gene in the other *B. bronchiseptica* strains and this may also explain the results reported by Park et al. ([@bib0115]) that strains 1289, D445, Bbr77, and MO149 are beta-hemolytic despite containing a frameshift mutation in the *cyaB* gene.

There is a large disparity in average sequence identity between genes predicted or known to encode for proteins that function in attachment or adhesion. Specifically, *fimB* (99.4%) is one of the most conserved genes, while *fimN* (89.8%) is the most divergent of the genes predicted to encode for proteins that function in attachment. The *fhaB* gene, encoding the well-characterized FhaB adhesin, was comparatively more divergent (93.7% in strain D445 and 94.3% in strain MO149) and is predicted to be a pseudogene in strain D445 due to a frame shift mutation.

3.6. Comparison of the fimNX locus a mongst sequenced B. bronchiseptica strains {#sec0070}
-------------------------------------------------------------------------------

*B. bronchiseptica* expresses fimbriae of at least four serotypes, Fim2, Fim3, FimX, and FimA, all of which belong to the chaperone-usher family of fimbriae ([@bib0005], [@bib0045], [@bib0145]). While these major fimbrial subunit genes are unlinked on the chromosome, assembly and secretion of their protein products are mediated by the products of three genes, *fimBCD*, encoding the usher, the chaperone, and an adhesin, respectively ([@bib0085], [@bib0175]). The *fimBCD* locus is located between the *fhaB* and *fhaC* genes, which are required for production and secretion of filamentous hemagglutinin (FHA) ([@bib0085], [@bib0175]). Similar to RB50, the *fimBCD* genes were identified in KM22 and located between the *fhaB* and *fhaC* genes. A total of eight major fimbrial subunit genes (*fimA*, *fim2*, *fim3*, *fimN*, *fimX*, *fim2*-like KM22_03370, KM22_03368, and KM22_03128) were identified in KM22 and located at unlinked positions along the chromosome. Of the chromosomal regions containing fimbrial subunit genes, we observed the greatest sequence divergence within the *fimNX* locus. In strain RB50, the *fimNX* locus contains three genes (fimbrial protein,*fimN, fimX*), while four genes were identified within this locus in KM22, annotated in order as KM22_03368 (fimbrial protein), KM22_03369 (*fimN*), KM22_03370 (*fim2-like*), KM22_03371 (*fimX*). KM22_03370 is a fimbrial subunit gene identified in KM22 and is not present in RB50. As shown in Supplemental Fig. 3, the gene organization present in the *fimNX* locus of KM22 is also present in strains 253, Bbr77 and D445. An additional fimbrial subunit gene is annotated at the beginning of the *fimNX* locus in 1289; however, it is predicted to be a pseudogene.

3.7. Quantitative real-time PCR analysis of fimbrial subunit genes from *B. bronchiseptica* KM22 {#sec0075}
------------------------------------------------------------------------------------------------

Due to the variation in sequence divergence observed in fimbrial genes, we sought to determine if those fimbrial genes encoded in KM22 are expressed and whether or not they are regulated by BvgAS. Gene expression in two Bvg phase-locked derivatives of strain KM22, TN30 (Bvg**¯**) andTN31 (Bvg^i^), was analyzed by qPCR and compared to the wild-type KM22 strain. The TN30 (Bvg**¯**) mutant does not express the BvgAS-regulated virulence genes and is avirulent, while the TN31 (Bvg^i^) mutant has a reduced expression of these genes and has an avirulent phenotype in swine ([@bib0110]). The phase-locked mutants and the wild-type KM22 were grown under non-modulating conditions at 37 °C. With the exception of KM22_03128, the expression of all the fimbrial genes analyzed was decreased in the Bvg**¯** phase-locked mutant, TN30, relative to wild-type KM22, while *fimA, fim3,* and KM22_03368 were increased in the Bvg^i^ phase-locked mutant TN31 relative to the wild-type KM22 ([Fig. 3](#fig0015){ref-type="fig"} ). These data indicate that *fimA*, *fim2*, *fim3*, KM3368, *fimN*, KM22_3370, and *fimX* are all BvgAS-regulated genes.Fig. 3qPCR analysis of fimbrial subunit genes. Quantitative real-time PCR was used to determine mRNA expression of fimbrial subunit genes in wild-type KM22 and the phase-locked mutants TN30 (Bvg^−^) and TN31 (Bvg^i^). Gene expression relative to KM22 and standardized to 16S rRNA is plotted along the *y*-axis and fimbrial genes analyzed are shown along the x-axis. Data shown are averages obtained from triplicate cultures. The error bars represent ± the standard error.

KM22_03128 is located separately along the KM22 chromosome and is not in proximity to any other fimbrial genes. A homologous gene is present in the other *B. bronchiseptica* strains; however the homologous CDS in strain Bbr77 is truncated. Expression of KM22_03128 could not be detected in any of the strains, including wild-type KM22, indicating that this gene is either not expressed or expressed at a level too low to detect in these strains and/or under the growth conditions used in the study.

Poly-cytosine or poly(C) tracts are polymeric tracts of C residues located in the promoter region of genes that can result in the reversible switching ON or OFF of protein expression. This process is referred to as phase-variation, which is mediated by slipped-strand mispairing during DNA replication at these repetitive tracts ([@bib0155], [@bib0170]). Promoter polyC tracts were identified in the KM22 sequence upstream of *fimN*, KM22_03370, *fimX*, *fim2*, and *fim3*. A stretch of 13C nucleotides with 3 G nucleotides interspersed was additionally identified upstream of KM22_03368. No polyC tracts were identified upstream of the annotated start codon for start of *fimA* and KM22_03128.

Overall, qPCR data demonstrated that all of the major fimbrial subunit genes identified in KM22, with the exception of KM22_03128, are expressed and regulated by BvgAS. The inability to detect expression of KM22_03128 by any of the strains analyzed suggests that this gene is either not expressed or expressed below detectable levels. Excluding *fimA* and KM22_03128, promoter polyC tracts were identified upstream of all of the major fimbrial subunit genes, suggesting that these genes have the ability to exhibit phase-variation mediated by slipped-strand mispairing.

3.8. Comparison of FlaA protein sequences amongst sequenced *bronchiseptica* strains {#sec0080}
------------------------------------------------------------------------------------

One mechanism used by bacterial pathogens to survive and persist for long periods of time in their environment, both within and between hosts, is to exist as biofilms. It has recently been demonstrated that flagella are necessary and enhance the cell-surface interactions during the initial stages of biofilm development for *B. bronchiseptica*. The flagellin structural gene *flaA* encoding the flagellin monomer is present in all strains evaluated in this study and has a range of nucleotide identity relative to RB50 from 99.9% in 253 to 89.1% in strain 1289. An alignment of FlaA predicted protein sequences from all strains reveals that the protein sequence polymorphisms are confined to the middle section of the protein sequence, with the N-terminal and C-terminal sections highly conserved (identical in all 7 strains) (Supplemental Fig. 4). These conserved regions correspond to the N-terminal (pfam00669) and C-terminal region (pfam007000) of other bacterial flagellins, which form packed α-helix structures. This structural pattern is typical for bacterial flagellin proteins where the conserved termini regions flank a central region that is hypervariable both in residue composition and size ([@bib0125]). This suggests flagella may play a strain-specific role within their respective environments and/or hosts.

3.9. Comparison of the Type 3 secretion system (T3SS) locus am ongst sequenced *B. bronchiseptica* strains {#sec0085}
----------------------------------------------------------------------------------------------------------

Genes encoding the components of the *Bordetella* T3SS, including the secretion apparatus, secreted effector proteins, and putative chaperones, are located within the *bsc* locus ([@bib0090]). Directly adjacent to this locus is the *btr* locus, which contains genes encoding the regulatory elements for T3SS ([@bib0090]). A broad comparison of the region encompassing both loci among strains RB50, KM22, 1289 and 253 showed that overall, the region is highly conserved and over 98% identical. One difference was identified among these strains; one CDS annotated in strains RB50 (BB1639) and KM22 (KM22_01795) as a hypothetical protein is annotated as a pseudogene in strains 1289 (BN113_1619) and 253 (BN112_1817) due to a frameshift. In strain 1289 the CDS is annotated as a hypothetical protein (pseudogene) over 2 ORFs and as an unnamed gene only (no CDS annotated) in strain 253.

3.10. Comparison of the Type 6 secretion system (T6SS) locus am ongst sequenced *B. bronchiseptica* strains {#sec0090}
-----------------------------------------------------------------------------------------------------------

Comparison of the T6SS locus containing 26 genes among strains KM22, RB50 and 1289 revealed that the region is highly conserved in these 3 strains (∼99% identical). The only region that shows any sequence variation is one intergenic region, which differs in size in each strain. This intergenic region is located between CDSs BB0798 and BB0799 for strain RB50 and KM22_00821 and KM22_00822 for strain KM22. The overall conservation among the other strains that encode the T6SS compared to RB50 is 98% for strain 253 and 96% for strain MO149. Possible pseudogenes were identified in strains 1289 and KM22. In 1289, locus BN113_0788 is split into 2 coding regions in different reading frames, but the same CDS is full-length in strains RB50 and KM22. In KM22, two sets of possible pseudogenes were identified: M22_00819/KM22_00820 and KM22_00833/KM22_00834. These genes are full-length in strains RB50 and 1289, but the coding sequence switches reading frames in KM22. No possible pseudogenes were identified in strains RB50, MO149, and 253. Strains D445 and Bbr77, isolated from human hosts, are missing either most or the entire T6SS region.

3.11. The O-antigen locus of *B. bronchiseptica* strain KM22 {#sec0095}
------------------------------------------------------------

Most *B. bronchiseptica* strains produce one of two immunologically distinct O-antigen serotypes encoded by either the classical O-antigen locus (O1) or the alternative O-antigen locus (O2), while strain MO149 produces a poorly immunogenic O-antigen referred to as O3 ([@bib0025], [@bib0075]). The O-antigen locus from the *B. bronchiseptica* strains evaluated here typically contains 24 genes, except for the O3 locus in MO149, which contains 15 genes ([@bib0075], [@bib0115]). The O-antigen locus of KM22 is highly similar to that of strain 1289, with the annotated CDSs sharing between 99.7-100 percent identity and, therefore contains the genes encoding the alternative or O2-antigen.

3.12. Phylogenetic analysis based on BvgAS-regulated genes {#sec0100}
----------------------------------------------------------

Given that the gene set analyzed in [Fig. 2](#fig0010){ref-type="fig"} encodes factors that influence how *B. bronchiseptica* strains interact with their host and/or environment, we sought to determine how a phylogenetic tree based on this gene set would compare to the MLST-based phylogenetic tree. Therefore the phylogenetic relationship among the *B. bronchiseptica* strains used in our analyses was reconstructed based on single nucleotide polymorphisms in the BvgAS-regulated genes using a Maximum Likelihood method ([Fig. 4](#fig0020){ref-type="fig"} ). We were intrigued by the similarity of a phylogeny based on BvgAS-regulated genes ([Fig. 4](#fig0020){ref-type="fig"}) to one derived from MLST sequences (Supplemental Fig. 1). Both trees contain two distinct sublineages, one that includes all of the isolates from animal hosts (253, 1289, RB50, and KM22) and a second that includes the strains isolated from human hosts. Focusing on the phylogeny based on BvgAS-regulated genes ([Fig. 4](#fig0020){ref-type="fig"}), the phylogenetic separation among the strains isolated from human hosts (MO149, D445, and Bbr77) was not well resolved based on the low support from the bootstrap values indicated at the nodes; this suggests that mechanisms of diversity, such as recombination, insertions, deletions, or horizontal gene transfer may have occurred within these genes. Although this is a small sample size it is not the first time this observation has been made. Based on SNP densities, Park et al. ([@bib0115]) recently demonstrated that such mechanisms of diversity, specifically horizontal gene transfer, likely have occurred within the *ptx* and *ptl* loci. In addition, recombination could explain why strain 253 is so highly divergent from the other strains of animal origin in the MLST tree (Supplemental Fig. 1), but not in the trees based on the BvgAS-regulated genes ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 4A Maximum Likelihood tree derived from BvgAS-regulated genes from each of the *B. bronchiseptica* strains used in this study. For each isolate, gene sequences from the BvgAS-regulated genes listed in [Fig. 2](#fig0010){ref-type="fig"} were concatenated and used to construct a Maximum Likelihood tree using 6870 SNPs from 34 genes with 100 bootstrap replicates. Grid indicates the genes or loci (rows) absent (red) from each strain (columns).

4. Conclusion {#sec0105}
=============

Despite widespread use of *B. bronchiseptica* vaccines by swine producers throughout the world, *Bordetella*-associated respiratory diseases remain a significant problem for the industry ([@bib0165], [@bib0020]). Our hope is that the assembly and annotation of the KM22 genome sequence, coupled with the comparative genomic analyses reported in this study, will help identify genetic elements that could underlie and influence phenotypic differences among the isolates. Together, this information can aid in the development of vaccines with improved efficacy towards *B. bronchiseptica* in swine to decrease the prevalence and disease burden caused by this respiratory pathogen.

Appendix A. Supplementary data {#sec0115}
==============================

The following are Supplementary data to this article:
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